A commercially available Mycobacterium phlei-absorbed enzyme-linked immunosorbent assay (ELISA) approved to detect antibodies to Mycobacterium paratuberculosis in cattle was evaluated for its applicability in sheep. The potential for interference with ELISA results from cross-reacting antibodies to Corynebacterium pseudotuberculosis was also investigated. Serum samples were randomly selected from a collection of samples obtained in 1986-1991 from 6 infected and 5 noninfected sheep flocks varying in breed, age, and geographic origin. Tests were performed on sera from 27 paratuberculous sheep, confirmed by histopathology, bacteriologic culture, and/or acid-fast staining of ileal mucosal smears, and on sera from 246 noninfected sheep. The optical density of each sample was expressed as a percentage of the optical density of a known positive sheep serum sample tested on the same plate. These values were log-transformed to achieve normality of distribution, and sensitivity and specificity estimates were calculated based on 2 and 3 standard deviations above the mean of the percent positive value (PPV) of the noninfected sheep. A cutoff value of PPV ≥ 55.74 resulted in an estimated sensitivity of 0.48 and a specificity of 0.95. Sera from 10 noninfected sheep with PPV above the cutoff level of 55.74% were absorbed with heat-treated C. pseudotuberculosis organisms in addition to M. phlei antigens. Sera from 14 ELISA-positive paratuberculous sheep and 23 ELISA-negative noninfected sheep were similarly treated, and results were compared. Absorption with C. pseudotuberculosis resulted in a significant decrease in PPV in all 3 groups of sheep sera, but a greater decrease was observed in the noninfected sheep with PPV above the cutoff level when compared with noninfected sheep with PPV below that level. Results of this study suggest that ELISA may be of value in screening sheep flocks for paratuberculosis, but further experimentation is needed to optimize the sensitivity and specificity of the assay. Exposure to C. pseudotuberculosis may confound results obtained by M. phlei-absorbed ELISA for paratuberculosis.
Numerous serologic tests have been used to detect sheep. Four different antigen preparations of M parathe presence of antibodies to Mycobacterium paratu-tuberculosis -a lipoarabinomannan antigen, a protoberculosis in ruminants, particularly cattle, but no sin-plasmic extract, and purified protein antigens A and gle test has been found to be entirely satisfactory. 3, 12 D-have been used in an indirect ELISA in sheep. [19] [20] [21] Most of these tests are lacking in sensitivity and, to These reports suggest that using the A or D antigen some extent, in specificity. This inaccuracy is not a increases the sensitivity of the assay but that the overall feature of only paratuberculosis diagnostic tests but of sensitivity and specificity of the ELISA is similar to most tests for mycobacterial infections. 3 The specificity that of the agar gel immunodiffision (AGID) test in of the indirect enzyme-linked immunosorbent assay sheep. Use of an M. phlei absorption step in ELISA (ELISA) for detecting antibodies to M. paratubercu-methodology for sheep has been reported but did not losis in cattle was greatly improved by including an appear to significantly improve the sensitivity and absorption step using M. phlei to remove cross-reacting specificity estimates . 9 No commercially available antibodies. 23 Sensitivity was only slightly lowered by ELISA kit is currently licensed for use in sheep in the this step. Further modifications by several investiga-United States. tors have resulted in a USDA-licensed ELISA kit, which
The objective of this study was to evaluate the USDAutilizes the absorption step, for the detection of anti-licensed M. phlei-absorbed ELISA approved for cattle bodies to M. paratuberculosis in cattle. 47 for its applicability in sheep. An advantage of this com-Few studies report use of the indirect ELISA for mercial assay is its standardization and established reproducibility in cattle. 4, 5 Corynebacterium, Mycobacterium, and Nocardia share common antigenic deter-ies to Corynebacterium pseudotuberculosis to interfere with the results of this ELISA was investigated.
Materials and methods
The serum bank used in this study was comprised of samples collected from 1986 to 1991. These sera were collected for a study of serodiagnosis of paratuberculosis in sheep using an AGID test. 18 Serum samples were obtained from 6 infected and 5 noninfected sheep flocks and represented sheep of ages 1-12 yr, both sexes, and multiple breeds and from various geographic origins within the United States. Serum samples for the present study were thawed and retested by AGID to confirm that no change in status had occurred during storage at -70 C and then were tested by ELISA.
Paratuberculous sheep. Serum samples from 27 paratu-2.
berculous sheep representing 6 infected flocks were selected for this study. Nineteen sheep had moderate to severe chronic weight loss and were confirmed to be paratuberculous at necropsy. The remaining 8 sheep did not show weight loss or any other clinical sign suggestive of paratuberculosis but were confirmed to be infected at necropsy. These 8 sheep belonged to an infected flock from which serum samples of all breeding sheep were obtained and tested by AGID at 6-mo intervals and from which AGID-positive and/or sheep with severe weight loss were donated for necropsy and further examination. The infection status of the paratuberculous sheep was determined by histopathological examination of specimens of ileum or ileocecal lymph nodes, detection of clumps of acid-fast bacteria in smears of ileal mucosa, and/or isolation of organisms from feces or tissues. 18 timal serum and conjugate dilutions were determined by checkerboard titration. The positive bovine control serum was used as a guide to stop the enzymatic reaction, and the OD of the negative bovine control serum served to determine the validity of the assay as described by the manufacturer. Sheep sera were diluted 1:40 in the absorption buffer provided in the kit. The buffer contained soluble antigens of M. phlei. An affinity-purified rabbit anti-sheep horseradish peroxidase-labeled IgG (heavy and light chain) c was used as the conjugate for the test sera and sheep controls. The optimal dilution of this conjugate was determined to be 1:10,000 using the dilution buffer provided in the kit, and a 100-µl volume was used in all tests. The anti-bovine Ig conjugate supplied with the kit was used for the bovine control sera.
Noninfected sheep. Two hundred forty-six sera were randomly selected from the 5 noninfected sheep flocks represented in the serum bank. Four of these flocks were owned by Ohio State University and the fifth belonged to a veterinarian employee. Health status in these flocks was closely monitored, and routine necropsies were performed on diseased and/or culled animals. These flocks had no history or evidence of paratuberculosis, but C. pseudotuberculosis infections were shown to exist.
Agar gel immunodiffusion. The AGID test was performed as previously described using a purified protoplasmic extract of M. paratuberculosis and serum from a known positive paratuberculous sheep as a positive control. a, 18 The test was read at 24 and 48 hr. Results were recorded as positive (clear line of identity, strong as that of the positive reference serum), weak positive (curved positive reference line bending near the test serum well), and negative. 2 For purposes of reporting, all weak-positive results were considered to be positive.
Enzyme-linked immunosorbent assay procedure. The ELISA was conducted according to the manufacturer's instructions with the following modifications: b
All sera were tested in duplicate, and mean OD values for each sample were expressed as a percentage of the positive sheep control assayed on the same plate, referred to as the percent positive value (PPV). 22 Prior to determination of possible cutoff levels, the PPV for the noninfected sheep were log transformed, and their frequency distribution was determined to be normal by using the chi-square goodness-of-fit test. 8 Test sera were dichotomized into positive or negative groups based on 2 possible cutoff levels, which were determined to be the antilog of the values representing 2 or 3 standard deviations (SD) above the mean of the log-transformed PPV of the noninfected sheep. Sensitivity and specificity values, and their respective 95% confidence intervals, for each cutoff level were then estimated.
Concurrent absorption of sera with M. phlei and C. pseudotuberculosis. Some sera from the noninfected flocks had PPVs above the cutoff level of 55.74, representing 2 SD above the mean PPV of the noninfected sheep. Because it was not possible to retest all sera, 3 groups of samples were selected for study to determine whether antibodies to C. pseudotuberculosis might be present in the sera that could not be removed by absorption with M. phlei antigens but could bind to the M. paratuberculosis antigens on the plates. Group A was comprised of sera from 10 high-reacting noninfected sheep (PPV > 55.74), group B was comprised of sera from 14 paratuberculous sheep (PPV > 55.74), and group C was comprised of sera from 23 noninfected sheep (PPV < 55.74). Serum from 1 sheep confirmed by necropsy to have typical lesions of advanced caseous lymphadenitis was also tested.
For this additional modification, each sample was tested in 2 sets of duplicates on the same plate. One set represented absorption of the sample with M. phlei antigens in the kit buffer, and the other set represented serum absorbed with antigens of M. phlei and whole heat-treated cells of C. pseudotuberculosis added to that buffer.
A positive and a negative control sheep serum sample
Corynebacterium pseudotuberculosis (ATCC strain 19410) were tested on each plate in addition to the bovine positive was grown in brain-heart infusion medium enriched with 5% and negative control sera supplied by the manufacturer. rabbit serum. The bacteria were harvested after 48 hr of The positive sheep control serum displayed a high optical incubation at 37 C by centrifuging the culture suspension at density (OD), which was determined in pilot experiments 1,000 x g and discarding the supernatant. The cells were with the kit. The negative sheep control serum was a washed 3 times with phosphate-buffered saline (pH 7.4), pooled sample of 100 sheep sera from 3 of the noninfected placed in a water bath, and heated at 60 C for 30 min. The flocks and served as an internal control on the plate. Op-heat-treated cells were added to the absorption buffer pro- vided in the kit to a final concentration of 40 mg (wet weight)/ ml. The second set of serum samples were absorbed in this suspension at a dilution of 1:40. These samples were allowed to stand for the same amount of time as described in the kit for M. phlei absorption and then centrifuged at 12,000 x g for 10 min before placing the sample in the test well. The remaining procedure was identical to that described for the M. phlei-absorbed ELISA. Change in the PPV after absorption with C. pseudotuberculosis as compared with M. phlei absorption alone was expressed as the absolute difference and percent reduction in PPV.
A paired t-test was used to determine the significance of the reduction in PPV following C. pseudotuberculosis/M. phlei absorption as compared with M. phlei absorption alone within each group. The Kruskal-Wallis 1-way analysis of variance by ranks 8 was used to determine if absorption with C. pseudotuberculosis produced a significant difference in the reduction of PPV among the 3 groups. Results of tests were considered significant at P ≤ 0.05.
Results
The 246 sera representing sheep from the noninfected flocks were negative by AGID testing. Twentyfive of the 27 sera from paratuberculous sheep were AGID positive. The 2 negative samples were collected at necropsy from sheep exhibiting weight loss, with histologically confirmed lesions of paratuberculosis, and whose sera were AGID negative prior to freezer storage. Freezer storage did not affect AGID test status of any of the serum samples.
Mycobacterium phlei-absorbed ELISA. The logtransformed PPV distributions of the 246 noninfected sheep and the 27 paratuberculous sheep sera are shown in Fig. 1 ELISA positive at the PPV cutoff level of ≥ 55.74, and only 3 of 8 (38%) sheep without evidence of weight loss were ELISA positive. At this cutoff, the 2 AGIDnegative sheep were also ELISA negative.
Mycobacterium phlei-and C. pseudotuberculosis-absorbed ELISA. Simultaneous absorption with M. phlei and C. pseudotuberculosis, as compared with M. phlei absorption alone, resulted in a significant (P < 0.0001) decrease in mean PPV of sera from groups A, B, and C ( Table 2 ). The mean decreases in groups A, B, and C were 52.41%, 25.88%, and 37.43%, respectively, and the mean differences in PPV for the 3 groups were 36.29%, 26.79%, and 9.21%, respectively ( Table 2) . Statistical analysis revealed a significant difference (P < 0.0001) between groups for mean percent decrease and absolute difference in PPV after absorption with C. pseudotuberculosis and M. phlei versus absorption with M. phlei alone.
The PPV of 8 of the 10 sheep in group A decreased to less than 55.74% after absorption with C. pseudotuberculosis and therefore changed the status of these sheep to negative, but no significant change in the PPV was observed in the remaining 2 sheep. In group B, only 4 of 14 sheep lost their positive status (PPV ≤ 55.74%). The PPV of the sheep with C. pseudotuberculosis infection decreased from 87.27% to 41.89% after absorption with C. pseudotuberculosis and M. phlei.
Discussion
The sensitivity and specificity values determined in this study at the first cutoff level (PPV ≥ 55.74) are similar to those reported for this test in cattle. 1, 6, 14 However, estimates of sensitivity and specificity values for the ELBA in this study may have been affected by the small number of paratuberculous sheep available for testing and the overrepresentation of animals with weight loss. The poor performance of fecal and tissue culture as a "gold standard" to detect subclinical infection in this species hinders development of serologic assays. 2, 18, 20 Of the 19 sheep with weight loss, only 10 were ELBA positive at the lower PPV cutoff level. We expected a higher proportion of those animals with evidence of clinical disease to be positive in ELISA. Samples from more subclinically infected sheep are needed to evaluate this assay for flock screening purposes.
It was not possible to compare AGID and ELISA results because some of the sheep presented for necropsy were selected because of their positive AGID test status. However, of the 14 paratuberculous sheep negative by ELISA at a PPV cutoff of ≥ 55.74, 12 were positive by the AGID test. The observation that some sheep may be ELISA negative but AGID positive has been reported previously in studies using a lipoarabinomannan and a protein antigen. 21 Other studies have determined that not all sheep respond uniformly to the various fractions of a partially purified M. paratuberculosis antigen. 2, 19 Perhaps these sheep with low PPVs in the ELISA produced a stronger antibody response to some component of the antigen present in the AGID test but not to those available in the ELISA. It is possible, if not likely, that the antigens used in the 2 tests are not the same. Another explanation for this observation could be the presence of circulating immune complexes that make antibodies unavailable for binding in ELISA but capable of participating in a precipitation reaction in the presence of additional antigen 2, 15 We were unable to investigate this possibility.
No other reports have described the absorption of sheep sera with C. pseudotuberculosis to remove crossreacting antibodies to M. paratuberculosis. Although further study would be desirable, our work showed that this additional absorption significantly decreased the PPV of sera from both noninfected and infected sheep. The heat-treated cells probably removed some antibodies nonspecifically from the sera, and most or all of these sheep may have had antibodies to C. pseudotuberculosis. However, the decrease in PPV was greater in sera from the noninfected sheep with high PPV than in sera with low PPVs and sera from paratuberculous sheep, suggesting that the absorption step did possess some degree of specificity in its ability to remove cross-reacting antibodies. These sheep may have had significant antibody titers to C. pseudotuberculosis that could confound results in ELISA using this or similar antigen preparations. Sera from 2 sheep with high PPV in the noninfected group showed minimal change after absorption with C. pseudotuberculosis. These sera may have contained antibodies that recognized antigens of M. paratuberculosis not shared with C. pseudotuberculosis but with some other species, such as M. avium, or they may have been truly infected with M. paratuberculosis. The latter possibility does not seem likely because these sheep belong to well-characterized flocks in which paratuberculosis has not been diagnosed.
Results presented in this study suggest that the commercially available M. phlei-absorbed ELISA may be useful in detecting M. paratuberculosis-infected sheep and that additional absorption with C. pseudotuberculosis may allow the establishment of cutoff levels that would increase its sensitivity and specificity for sheep. However, previous work describing antigenic crossreactivity among Nocardia, Mycobacterium, and Corynebacterium 10, 13, 16, 17 and recent work using western blot and absorption ELISA technology, showing that even the genetically distant Escherichia coli shares antigenic determinants with M. paratuberculosis, 11 indicate that further work, such as antigen characterization and purification, will be necessary to develop the highly sensitive and specific tests desirable for flock screening.
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